Current opinion holds that human colour vision is mediated primarily via a colour-opponent pathway that carries information about both wavelength and luminance contrast (type I). However, some authors argue that chromatic sensitivity may be limited by a di¡erent geniculostriate pathway, which carries information about wavelength alone (type II). We provide psychophysical evidence that both pathways may contribute to the perception of moving, chromatic targets in humans, depending on the nature of the visual discrimination. In experiment 1, we show that adaptation to drifting, red^green stimuli causes reductions in contrast sensitivity for both the detection and direction discrimination of moving chromatic targets. Importantly, the e¡ects of adaptation are not directionally speci¢c. In experiment 2, we show that adaptation to luminance gratings results in reduced sensitivity for the direction discrimination, but not the detection of moving chromatic targets. We suggest that sensitivity for the direction discrimination of chromatic targets is limited by a colour-opponent pathway that also conveys luminance-contrast information, whereas the detection of such targets is limited by a pathway with access to colour information alone. The properties of these pathways are consistent with the known properties of type-I and type-II neurons of the primate parvocellular lateral geniculate nucleus and their cortical projections. These ¢nd-ings may explain the known di¡erences between detection and direction discrimination thresholds for chromatic targets moving at low to moderate velocities.
INTRODUCTION
The direction of motion of luminance-modulated patterns can typically be discerned at detection threshold (Anderson & Burr 1987) . However, this is often not the case for hue-modulated patterns; to discern the direction of motion of an isoluminant, chromatic stimulus, observers typically require several times more contrast than that required for its simple detection (Cavanagh & Anstis 1991; Cropper & Derrington 1996; Gegenfurtner & Hawken 1995; Lindsey & Teller 1990; Mullen & Boulton 1992; Stromeyer et al. 1995) . This result depends to some extent on the attributes of the stimulus: di¡erences between detection and discrimination thresholds are most evident for stimuli of low temporal frequency (Cavanagh & Anstis 1991; Gegenfurtner & Hawken 1995; Stromeyer et al. 1995 ) and short duration (Mullen & Boulton 1992; Gegenfurtner & Hawken 1995) , particularly when presented at parafoveal locations (Derrington & Henning 1993; Mullen & Boulton 1992) . However, detection : discrimination threshold ratios of around two and greater have been reported for foveal stimuli of a long (greater than 500 ms) duration (Gegenfurtner & Hawken 1995; Mullen & Boulton 1992; Willis & Anderson 1997) ; these results suggest that stimulus attributes alone cannot account for the di¡er-ences between detection and discrimination thresholds for moving chromatic targets.
The reason why motion discrimination thresholds for chromatic targets exceed those for detection remains unknown. One explanation may be that whereas the detection of chromatic targets with low temporal frequency is mediated by colour-opponent units (see, for example, Mullen 1985) , direction discrimination performance is mediated by motion-specialized (luminance) units the chromatic sensitivity of which is poor. Some physiological and psychophysical evidence suggests that this may be the case. Some neurons in the motion-specialized cortical area MT, for example, respond to high contrast, isoluminant red^green gratings drifting in their preferred direction of motion (Gegenfurtner et al. 1994; Saito et al. 1989) . Further, it has been reported that adapting to high-contrast, drifting isoluminant gratings results in a motion aftere¡ect on suprathreshold luminance gratings (Cavanagh & Favreau 1985; Mullen & Baker 1985) .
Alternatively, discrimination thresholds for chromatic targets could be limited by colour-opponent (parvocellular, or P) units with only weak selectivity for direction of motion. Evidence that the P pathway may confer some degree of motion selectivity is provided by ¢ndings that magnocellular (M) lesions of the lateral geniculate nucleus in monkeys do not alter the weak directional selectivity of neurons in cortical area V4 (Ferrera et al. 1992 (Ferrera et al. , 1994 , which contains many units selective for wavelength (see, for example, Zeki 1973) . If this is the case, di¡erences between detection and direction discrimination thresholds for chromatic targets could re£ect di¡erences in the chromatic sensitivity of two distinct colour-opponent mechanisms within the parvocellular processing stream.
Single-cell studies suggest that two classes of red^green colour-opponent neurons exist within the P pathway of primates. Termed type I and type II by Wiesel & Hubel (1966) , these neurons appear ¢rst at the ganglion-cell level of the retina (Calkins & Sterling 1996; deMonasterio & Gouras 1975) , continue within the parvocellular layers of the lateral geniculate nucleus (Derrington et al. 1984; Reid & Shapley 1992; Wiesel & Hubel 1966) and persist, albeit in a modi¢ed form, in early visual cortex (Thorell et al. 1984; T'So & Gilbert 1988) .
Type I cells are both selective for wavelength and responsive to luminance contrast (deMonasterio & Gouras 1975; Derrington et al. 1984; Reid & Shapley 1992; Wiesel & Hubel 1966) and are abundant enough to account for psychophysical measures of spatial acuity for red^green targets. However, there is some evidence to suggest that the chromatic sensitivity of type I cells in both the retina (Calkins & Sterling 1996; Rodieck 1991) and the lateral geniculate nucleus (Cottaris et al. 1996) may not be su¤cient to support ¢ne colour discriminations. Whereas the receptive ¢eld centre of type I cells receives input from a single cone, the surrounding regions appear to receive input from several cone types (Calkins & Sterling 1996; Cottaris et al. 1996) , leading some authors to doubt their involvement in colour-opponent processes (Calkins & Sterling 1996) . Moreover, the perception of colour mediated via type-I-like units necessarily requires later processes to disambiguate colour and luminance information (Derrington et al. 1984; Ingling & Martinez-Uriegas 1983 ). Yet, it is not clear how or whether this can be achieved (Kingdom & Mullen 1995) .
In contrast to the type I cell, the chromatic opponent receptive-¢eld regions of the type II cell are largely, if not wholly, coextensive (deMonasterio & Gouras 1975; Derrington et al. 1984; Reid & Shapley 1992; Wiesel & Hubel 1966) . As a result, type II cells are selective for wavelength but do not respond to luminance contrast. However, although they provide unambiguous information about colour, type II cells may not exist in su¤cient numbers to account for behavioural measures of chromatic spatial acuity. At least 11% of red^green-sensitive neurons must be of the type II variety to sustain psychophysical colour acuity (Rodieck 1991). The incidence of type II cells found in the parvocellular lateral geniculate nucleus typically falls below this value (deMonasterio & Gouras 1975; Derrington et al. 1984; Kremers et al. 1992) , although one report suggests that the proportion could be as high as 40% (Reid & Shapley 1992) .
We sought to examine why detection and direction discrimination thresholds diverge for isoluminant, chromatic stimuli by examining the e¡ects of adaptation to chromatic and luminance stimuli on the detection and direction discrimination of red^green targets. Two questions need to be addressed. First, how directionally selective are the mechanisms underlying the detection and direction discrimination of chromatic targets? If a motion-specialized (luminance) mechanism limits contrast sensitivity for the direction discrimination of chromatic stimuli, we would predict that the e¡ects of adapting to drifting, isoluminant gratings would be selective for the direction of stimulus motion (experiment 1). Second, do the mechanisms limiting sensitivity for detection and direction discrimination di¡er in their sensitivity to luminance contrast ? If so, we would predict that the e¡ects of adapting to luminance-modulated gratings would be dependent on the nature of the discrimination (experiment 2).
METHODS
Chromatic contrast sensitivity for the detection and direction discrimination of isoluminant red^green gratings was measured after adaptation to either isoluminant red^green gratings (experiment 1) or luminance-modulated gratings (experiment 2). As a control, sensitivity was measured after adaptation to a blank ¢eld of the same mean hue (yellow) and luminance as the test stimulus.
(a) Stimuli
Horizontal gratings were generated by using a Cambridge Research Systems VSG2/2 waveform generator with 14-bit DACs (digital-to-analogue converters) and displayed on a gamma-corrected Eizo Flexscan T560i colour monitor at an interleaved frame rate of 120 Hz and resolution 720 pixels Â 543 lines. The CIE coordinates of the red (r x 0.594, r y 0.356) and green (g x 0.294, g y 0.573) display phosphors were measured with a Bentham spectroradiometer.
Red^green sinewave gratings were created by adding red and green luminance-modulated gratings in spatial antiphase. Yellow^black luminance gratings of the same mean hue and luminance as the red^green grating were produced by adding the red and green component gratings in spatial phase. The contrast of each component was de¢ned as Michelson contrast [(L max ÀL min ) / (L max +L min ), where L is luminance in candelas per square metre]. The contrasts of the red and green component gratings were always equal. Chromatic contrast was de¢ned as the contrast of either grating, following Mullen (1985) .
(i) Determining the perceptual isoluminant point for each observer
The maximum luminances generated by the red and green guns were set to be equal so that the resultant red^green sinusoids were approximately isoluminant. Further, the contrasts of the red and green component sinusoids were always equal. However, the red : green ratio (r) of the compound waveform could be altered by varying the mean luminances of the red and green components independently (r R amp / (R amp + G amp ), where R amp and G amp are the amplitudes of the red and green sinusoids, respectively).
The perceptual isoluminant point was determined using the standard criterion of minimum perceptual £icker. Using a method of adjustment, observers altered the red^green ratio (r) of the chromatic grating until the appearance of the 16-Hz counterphase £icker appeared maximally degraded. The initial value of r (0^1.0) was randomized at the start of each trial, and the step size for adjustment was 0.1. The mean value of r associated with the point of minimum perceptual £icker was calculated from the results of 50 stimulus trials. The mean of three such measures of r was taken to represent the perceptual isoluminant point for each observer. This process was repeated for each stimulus spatial frequency.
Because the isoluminant point may vary with stimulus temporal frequency (Stromeyer et al. 1995) , we also employed the criterion of minimum contrast sensitivity (Mullen 1985) to establish the perceptual isoluminant point for each drift temporal frequency independently. Contrast sensitivity for the detection of chromatic gratings drifting at 1 or 4 Hz was measured as a function of r. Sensitivity was determined by means of two-alternative forced choice procedures in conjunction with a three-up, onedown staircase, converging to a performance level of 79% correct.
(
ii) Test and adaptation patterns
The test stimulus was always a drifting, isoluminant redĝ reen grating. Its direction of drift was either up or down, selected at random with equal probability. In experiment 1, the adapting stimulus was an upwardly drifting, isoluminant, chromatic (red^green) grating of 90% contrast. A drifting adapting stimulus was used to determine the directional selectivity of the adaptation e¡ect for red^green test gratings. In experiment 2, the adapting stimulus was a counterphasing luminance (yellow^black) grating of 50% contrast. A counterphasing adapt stimulus was used to avoid the strong motion after-e¡ects observed following adaptation to drifting luminance gratings.
Adapt and test stimuli were matched in mean luminance (15 cd m À2 ), orientation (horizontal), spatial frequency (0.25^2.0 c deg À1 ) and temporal frequency (1 or 4 Hz), and were presented within a square patch of 4.9³ width at a viewing distance of 1 m. Horizontal gratings of periodicities 4 2 c deg
À1
were used to minimize luminance-contrast intrusions due to chromatic aberrations (Flitcroft 1989 ).
(b) Procedures
Observers were allowed 15 min to adapt to the ambient lighting in the room before testing. Both had full visual ¢elds, normal colour vision (as assessed with the Farnsworth^Munsell 100-Hue test) and normal or corrected-to-normal visual acuity. Observers ¢xated a black marker in the centre of the display. Viewing was monocular, using natural pupils and accommodation. The untested eye was occluded with a translucent patch.
The stimulus presentation sequence followed a standard adapt, test, top-up adapt and test protocol (Georgeson & Harris 1984) . A steady state of adaptation was e¡ected during an initial adaptation period of 60 s and subsequently maintained by alternating shorter presentations of the adapt stimulus (4 s) with presentations of the test (500 ms). Contrast sensitivity was measured for both the detection and direction discrimination of chromatic gratings. For detection tasks, a temporal two-alternative forced-choice procedure was used. Observers were required to identify in which of two sequential trials, selected at random, the stimulus was presented. The non-stimulus trial consisted of a blank screen of the same mean luminance and hue as the stimulus trial. For direction discrimination tasks, a singleinterval forced-choice procedure was used. Observers were required to judge the direction of drift of the test grating, selected at random on each trial.
After adaptation to drifting chromatic gratings (experiment 1), to counterphasing luminance gratings (experiment 2) and to a blank yellow ¢eld (the control condition), contrast sensitivities for upwardly and downwardly drifting test gratings were calculated independently using two interleaved staircases, each converging to a performance level of 79% correct. The initial contrast for each staircase was set to a value near threshold using the method of adjustment. The step size for the staircase routine was 1dB and six reversals were averaged to estimate chromatic contrast threshold. Contrast sensitivity is de¢ned as the reciprocal of contrast threshold.
RESULTS AND DISCUSSION
The mean isoluminant point established using the criterion of minimum perceptual £icker was r 0.45 AE 0.00 for A.W. and 0.49 AE 0.01 for S.J.A., and did not vary signi¢cantly over the range of spatial frequencies used (0.25^2.0 c deg À1 ). Values of r for each spatial frequency are reported in the caption to ¢gure 1 for A.W. and ¢gure 2 for S.J.A. All the adaptation measures were completed using these r values. We noted that these values did not di¡er signi¢cantly from those established by means of the minimum contrast-sensitivity criterion: contrast sensitivity was minimal for values of r between 0.45 and 0.50 for both 1-Hz and 4-Hz drifting targets. Adaptation to drifting red^green gratings resulted in signi¢cant reductions in contrast sensitivity for both the direction discrimination and the detection of chromatic targets. Importantly, the magnitude of the adaptation e¡ect was no greater for stimuli drifting in the same direction as the adapt (¢lled circles) than for those drifting in the opposite direction (¢lled triangles). This was true for both detection and direction discrimination criteria.
How can the non-directionally selective e¡ects of adaptation observed here be reconciled with the fact that it is possible to discern the direction of motion of chromatic targets? Two explanations are possible. First, it may be that adaptation to red^green gratings occurs at a stage before the development of directional selectivity. It is possible that cortical mechanisms with high directional indices for stimuli varying only in hue could exist beyond the site of adaptation to drifting, red^green gratings. Several authors, for example, suggest that the motion discrimination of chromatic gratings is mediated via colour-opponent, parvocellular neurons projecting to the motion-specialized extrastriate cortical visual area MT ( responses to drifting, isoluminant, red^green targets (Gegenfurtner et al. 1994; Saito et al. 1989) . However, whereas the sensitivity of single MT neurons to rapidly drifting (48 Hz) red^green targets is comparable to behavioural measures of sensitivity, the same is not true for less rapidly drifting targets: typically, ten times more contrast is required to elicit a response from coloursensitive MT neurons to slowly drifting, isoluminant targets than is required for behavioural detection (Gegenfurtner et al. 1994) . As such, although MT neurons may contribute to the perception of fast-moving, high-contrast chromatic targets, it is unlikely that they would be activated by the stimuli used in the present experiment, namely threshold-contrast, isoluminant gratings drifting at low to moderate rates. Second, the lack of any directionally speci¢c adaptation e¡ects observed here could suggest that visual units with high directional indices do not contribute to either the detection or the direction discrimination of chromatic stimuli at contrast threshold. Our ¢ndings could be explained by the activity of colour-opponent units with low directional indices, the properties of which are consistent with those of cortical neurons within the temporal visual processing stream receiving solely parvocellular input (Ferrera et al. 1992 (Ferrera et al. , 1994 . This explanation is consistent with the fact that we observed no motion aftere¡ects on threshold-contrast test stimuli following adaptation to drifting red^green gratings. We do note that highcontrast, red^green gratings can elicit motion after-e¡ects on suprathreshold chromatic gratings (Cavanagh & Favreau 1985; Mullen & Baker 1985) , indicating the activity of directionally selective units sensitive to modulations in hue alone. However, our ¢nding is consistent with Mullen & Baker's (1985) report that motion aftere¡ects from isoluminant gratings diminish with decreasing test contrast. We conclude that the most parsimonious explanation for our results is that colouropponent units with low directional indices limit contrast sensitivity for both the detection and direction discrimination of chromatic gratings, at least for stimuli drifting at rates of up to 16 deg s À1 .
(b) Experiment 2: adaptation to counterphasing, luminance gratings Figure 3 shows, for observer AW, contrast sensitivity for the direction discrimination (a, c) and the detection (b, d) of drifting red^green gratings after adaptation to either a blank yellow ¢eld (open symbols) or counterphasing, luminance-modulated gratings (¢lled symbols). Results are shown for temporal frequencies of 1Hz and 4 Hz. Figure 4 shows the results for SJA. As expected, there was no di¡erence between contrast sensitivities for upwardly and downwardly drifting targets following adaptation to the counterphasing target or to the blank yellow ¢eld. For clarity, ¢gures 3 and 4 show the average contrast sensitivity of upwardly and downwardly drifting targets for each stimulus condition.
Contrast sensitivity for the direction discrimination of chromatic targets was attenuated after adaptation to luminance-modulated gratings (a, c). Sensitivity de¢cits were apparent for both 1-Hz and 4-Hz drifting stimuli. This suggests visual units sensitive to spatial variations in both colour and luminance limit contrast sensitivity for the directional discrimination of chromatic targets. Kremers et al. 1992; Wiesel & Hubel 1966) .
In a recent study, Cropper & Derrington (1996) observed a small reduction in direction discrimination performance for chromatic targets in the presence of a luminance mask, at least for stimuli presented for very short durations. However, they argued that this masking e¡ect did not re£ect the activity of a mechanism jointly sensitive to chromatic and luminance variations, but rather could be attributed to a residual luminance response of a colour-opponent mechanism caused by a di¡erence in processing times of red and green signals (see Stromeyer et al. 1995) . This explanation cannot account for our results. At the low-stimulus temporal frequencies used in this study, there is good evidence to suggest that any di¡erences in processing time between red and green signals within colour-opponent units would be too small to initiate a luminance response (Stromeyer et al. 1995) .
Luminance-contrast adaptation had no e¡ect on the detection of drifting, red^green gratings (¢gures 3b, d and 4b, d). This was true across the entire stimulus spatiotemporal range tested, and for both observers. This suggests that the visual units responsible for the detection of chromatic targets at threshold are insensitive to spatial variations in luminance. Although speculative, we note that the properties of such units are consistent with those of parvocellular type-II-like neurons (deMonasterio & Gouras 1975; Derrington et al. 1984; Kremers et al. 1992; Wiesel & Hubel 1966) .
CONCLUSIONS
Our study provides evidence that important aspects of human colour vision may be supported by a cortical visual processing stream that conveys solely colour information. The properties of such a pathway are consistent with the known properties of parvocellular type II cells in the monkey lateral geniculate nucleus, and type-II-like cells in the early visual cortex. Speci¢-cally, we suggest that type-II-like units in human vision are the most sensitive for the detection of chromatic targets, be they stationary or drifting at rates of up to 16 deg s À1 . As these units are insensitive to luminance variations in the visual image, cortical processing of chromatic targets is potentially simpli¢ed because there would be no need to disambiguate luminance and chromatic signals. That would not be the case if the detection of colour was accomplished via type I neurons, which are both wavelength-selective and sensitive to luminance contrast.
What, then, is the principal role of type I neurons ? It has been argued that the wavelength selectivity of type I neurons is not used to provide information about colour (Rodieck 1991), but is simply an inevitable consequence of the fact that their receptive ¢eld centre receives input from a single cone. Certainly, their properties and prevalence make them well suited for enabling the detection of ¢ne (luminance-modulated) spatial detail (Rodieck 1991). Our results suggest that the colour and luminance (type-I-like) pathway can also convey information about the direction of motion of drifting chromatic targets, but is less sensitive than the colour-only (type-II-like) pathway to chromatic contrast. 
